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Abstract: This study addresses the coupled influence of the threshold pressure gradient and
stress sensitivity during the seepage process in low-permeability reservoirs. By integrating
Laplace transform, perturbation transform, the image principle, and the superposition
principle, a non-steady-state seepage model for segmented-fractured horizontal wells
considering both effects is established for the first time. The analytical solution of the
point source function including the threshold pressure gradient (1) and stress sensitivity
effect (permeability modulus «) is innovatively derived and extended to closed-boundary
reservoirs. The model accuracy is verified by CMG numerical simulation (with an error
of only 1.02%). Based on this, the seepage process is divided into four stages: I linear
flow (pressure derivative slope of 0.5), II fracture radial flow (slope of 0), III dual radial
flow (slope of 0.36), and IV pseudo-radial flow (slope of 0). Sensitivity analysis indicates
the following: (1) The threshold pressure gradient significantly increases the seepage
resistance in the late stage (the pressure curve shows a significant upward curvature when
A =0.1 MPa/m); (2) Stress sensitivity dominates the energy dissipation in the middle and
late stages (a closed-boundary-like feature is presented when a > 0.1 MPa~!); (3) The half-
length of fractures dominates the early flow (a 100 m fracture reduces the pressure drop by
40% compared to a 20 m fracture). This model resolves the accuracy deficiency of traditional
single-effect models and provides theoretical support for the development effect evaluation
and well test interpretation of fractured horizontal wells in low-permeability reservoirs.

Keywords: low-permeability reservoir; pressure gradient; stress sensitivity; fractured
reservoir; horizontal wells

1. Introduction

A large number of experimental studies have shown that low-permeability reservoirs
have the effect of starting pressure gradient and reservoir stress sensitivity [1]. Bear et al. [2]
and Feng Wenguang et al. [3] describe the nonlinear change of reservoir seepage caused
by starting pressure gradient through the segmentation function, including linear approxi-
mation, power index function approximation, quadratic function approximation, etc. [4,5].
The stress-sensitive representation model is usually based on the fitting of relevant theoreti-
cal formulas and experimental results. From the expression of the relationship between
permeability and effective stress, it can be divided into power model, exponential model,
binomial model, and logarithmic model [6]. Many domestic and foreign scholars have
established the seepage model of staged-fractured horizontal well in low-permeability
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reservoir on the basis of starting the pressure gradient or stress-sensitive characterization
model. CHENG et al. [7] established vertical well seepage models in homogeneous and
dual medium reservoirs considering the starting pressure gradient. GUO ] [8] established a
mathematical model of unsteady seepage flow in horizontal wells considering the start-
ing pressure gradient of tight gas reservoirs. Since then, many scholars have established
unsteady seepage flow models of vertical wells, horizontal wells and fractured horizontal
wells considering starting pressure gradient [9-13]. Pedrosa and Petrobras [14] proposed
the concept of permeability modulus on the basis of stress-sensitive experiments, estab-
lished the expression of permeability and pressure drop, and based on this, established the
transient pressure prediction model of vertical wells considering stress sensitivity. Since
then, scholars have done a lot of research on stress-sensitive reservoirs, and found that in
low-permeability reservoirs, not considering the influence of stress sensitivity will bring
great errors. Qu Zhanging et al. [15] conducted experimental analysis on the start-up pres-
sure gradient and stress sensitivity effect of tight oil reservoirs, and concluded that the stress
sensitivity effect can cause changes in the start-up pressure gradient, suggesting that the
stress sensitivity factor in tight oil reservoirs cannot be ignored. Wang Jing [16] et al. com-
prehensively considered the two factors of start-up pressure gradient and stress sensitivity
effect, established a mathematical model of oil-water two-phase flow, and verified it using
reservoir seepage numerical simulation software. They believed that both factors would
lead to a decrease in the recovery rate of tight oil reservoirs. Liu Botao [17] et al. combined
multiple factors such as the start-up pressure gradient, stress sensitivity, and finite conduc-
tivity of fractures in tight oil reservoirs, and then derived and solved the seepage model of
fractured horizontal wells in dual-porosity media reservoirs. GUO [18] et al. conducted
numerical simulation research on the productivity of segmented-fractured horizontal wells
in low-permeability oil reservoirs based on the dual-porosity and dual-permeability model,
and analyzed the influence of reservoir properties and fracture parameters on productivity.
Larsen et al. [19], Raghavan et al. [20], Chen et al. [21], Ozkan et al. [22], Yao Jun et al. [23],
Su Yuliang et al. [24], and Ren Zongxiao [25,26] et al. established a stress-sensitive source
function by means of Laplace transform and superposition principle, which did not con-
sider the influence of starting pressure gradient. Considering the stress sensitivity of natural
fractures, Li Zhong et al. established the seepage model of volumetric fractured horizontal
wells without considering the influence of starting pressure gradient.

When studying the seepage model of low-permeability reservoir, most scholars usually
only consider the starting pressure gradient or stress sensitivity effect [27-32], which leads
to low calculation accuracy. Therefore, based on the previous studies, the seepage model of
staged-fractured horizontal wells in low-permeability reservoir is established by using the
concept of source function, which considers the influence of starting pressure gradient and
stress sensitivity. Further, compared with the single-effect model, the coupled solution in
the article will have a smaller prediction error in the later flow.

2. Source Function of Low-Permeability Reservoir
2.1. Physical Model Description and Assumptions

There is a point source in an infinite homogeneous low-permeability reservoir of equal
thickness (Figure 1), and a point source with constant production exists at the origin of

coordinates when t = 0; the pressure drop generated by the point source at any point in the
formation is studied.
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Figure 1. Point source diagram.
Assumed condition:
a.  The pressure distribution in the initial state of low-permeability reservoir is uniform,
considering the starting pressure gradient and stress sensitivity effect;
b.  Reservoir rocks and fluids are slightly compressible, and the compressibility coeffi-

cient is constant;

c. The effects of formation temperature changes and gravity factors are ignored.

According to the above physical description and assumed conditions, if the cumulative
output liquid quantity is § when t = 0, and the instantaneous outflow point source flow
rate is g(t), then the relationship between the them can be expressed as follows:

t
[atat =g )
0

Considering the stress-sensitive effect of the reservoir, the permeability expression [14] becomes
K= Kife_“(Pi—P) )

It is known from the continuity condition that the flow of fluid near the point source
into the point source is the same as that of the flow out of the point source. In combination
with Equation (2), the inflow and outflow relationship at the point source can be expressed as

lim
e—=0 U

279
M (2-0) =m0 ®

2.2. Seepage Mathematical Model

Fluid motion equation [33] for low-permeability reservoir considering starting pres-
sure gradient can be expressed as

K [dAp
=5 (5 ) @
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The unsteady continuity equation of low-permeability reservoir is

% + div (p;) =0 ®)

This equation characterizes the dynamic response mechanism of permeability to
effective stress by introducing the stress sensitivity coefficient.
The state equation of elastic fluid is

p = po[l+Cr(p — po)] (6)

The state equation of elastic porous media is

¢ = ¢o+ Cr(p— po) (7)

The continuity Equation (5) is rewritten in spherical coordinates, taking into account
the starting pressure, as follows:

Assuming that the initial pressure is equal in all parts of the reservoir, then
Ap(r,t=0)=0 9
The outer boundary condition is (infinite formation)

Ap(r — o0,t) =0 (10)

The inner boundary conditions are shown in Equation (3).
Substituting Equation (2) into Equation (8) can obtain the following;:

Kir1 9 J0A JA
—aA if 2 p C p
e’ p.urzar[r (a}’/\)] 4) t'W (11)

Since Equation (5) is a strongly nonlinear partial differential equation, the perturbation
transformation order is introduced:
In(l1—a
«
This dimensionless number characterizes the intensity of the coupling effect between
the fracture interference effect and the wellbore storage effect.
From the perturbation transformation, we can obtain the following;:

WAp 1 an
{ or — T-ay o

0Ap 1 oy (13)
oF — T—an "ot

1

Write 17 and 1= o

as a power series,

(14)

n=no+ap +alp+adyz o
e = L ag + e+l

Because the value of permeability modulus « is small, the 0-order perturbation so-
lution can fully meet the reservoir engineering calculation requirements. By substituting
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Equations (13) and (14) into Equation (11), the linear seepage differential equation of low-
permeability reservoir considering stress sensitivity and starting pressure gradient can be obtained:

1, 2 (9, 2N ¢puCi an,
or r(ar)_ o (15)

r Kif ot

Define dimensionless variables as follows:

r Kift 27'[K1fh77 ZﬂKlth
rp=— Ip= p=——"— Ap=—""7-A (16)
L puci? qu qm
The dimensionless treatment of Equation (15) gives the following:
1po 2 onpo  2AplL _ 91po (17)

aI’DZ D aT’D D atD

Laplace transform is applied to Equation (17) to obtain the mathematical model of
point source in Laplace space:

@7y (1, 5) L2 difpg(r,s)  2ApL

drp? = o s Spo(r,8) =0 (18)

To solve Equation (18), first construct a particular solution of Equation (18):

—x _2ApLy o
Mpo(r,s) = - ( 1—e ) (19)
The second order homogeneous equation corresponding to Equation (18) is given
as follows: 2 () .9
A po(r,s 2 dijp(r,s _
= A = 2
di’Dz D d?‘D SrlDO(r’S) 0 ( 0)
The general solution of Equation (20) is
A
Tpo(r,s) = Vs Ee—m\/g 1)
"D D

Therefore, the solution of Equation (18) can be expressed as

7 = A DV/s B —rpV/s 2ApL —rDV/s

Mpo(r,s) = rDe + rDe 2rp (1 +e ) (22)
Laplace transform is applied to the outer boundary conditions of Equation (10) to

obtain the following;:

ﬁo(rD — 00, tD) =0 (23)

Substitute Equation (23) into Equation (22) to obtain A =0
Substitute A = 0 into Equation (22) to obtain

_ B _ 2ApL _ 2ApL
Tpo(t,s) = %e DV We DVS _ (24)

s2r D
Substituting the inner boundary condition Equation (3) into Equation (24) simplifies to

s2 +16ApmL?

B =
477352

(25)
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Then Equation (24) can be written as follows:

(26)

7 (rs) = s +16Ap7l*  2ApLY _,,.5  2ApL
Tpol?»8) = 4mrpL3s? s2rp s2rp

If the point source strength is not unit 1, then

~ 2 4
_ q s+ 16ApL 2ApL oS 2ApL
= - - 27
Tpo(775) Vey {( 47rpL3s? s2rp ¢ s2rp @7

Equation (27) is the instantaneous point source function, with the result that the

solution of the continuous point source function is

_ Gl 1 2ApLY\ e Vs 2ApL
po(r,s) = ki {(47‘[L3 T D 2rp (28)
_ 2 2 2
rp = \/(xD - wa) - (yD — wa) (ZD - ZwD) (29)

The uniform initial pressure condition is expressed as Ap(r,t =0) = 0 after Laplace
transformation, L[Ap|t = 0] = 0 = sijDy — Dy (r,0) = 0. This property directly leads to the
vanishing of the homogeneous initial term, which is the basis for the derivation of Equation (18).

The condition of an infinitely large outer boundary Ap(r — oo, t) = 0 is strictly ex-
pressed in the Laplace space as Equation (23) 77,(rp — oo,tp) = 0, which forces the coeffi-
cient A of the exponentially growing term in the general solution to be zero.

The inner boundary point source condition: the () function in Equation (3) becomes
a constant term after Laplace transformation, which reflects the basis for the derivation of
the instantaneous mass conservation Equation (25).

2.3. Basic Solution of Closed-Boundary Point Source Function

Rewrite Equation (28) so that

_ _GLlPu( 1 2ApL\e VS
ﬂd(r's) - Skif (47TL3 52 D (30)
_ _ qL*u2ApL
77/\(7‘/5) - Skif SZTD (31)
Then Equation (28) can be reduced to
Mpo(r,s) =14(r,s) +7,(r,5) (32)

The mirror principle is used to consider the influence of reservoir boundaries. The
mirror principle diagram of the top and bottom closed boundaries is shown in Figure 2:

-2z, -Z, =0 Z, 2z,

-2z.% z,) (22 2) Ty

q

2z 20 N2z21 20

ol

- -t
2nz, /17, 2zt

e_

—_—

<@
=@
=)@
=@
<)@

Figure 2. Schematic diagram of the mirror principle of the top-bottom closed-boundary reservoir.
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After mirror mapping, the position of the point source is

21nZpe — ZDw
ZowD = —o0o < n < 0o 33
wD { 21’lZDg + Zpw ( ) ( )

Applying superposition principle to Equations (30) and (31), respectively, the following
is obtained:

e[f ﬁ\/(xD *wa)er(]/D *yzuD)2+(ZD +Zpw *znzDe)z]

_ qLlPu ( L ZADL) ”i" \/(XD —xup)” + (Y — Ywp)® + (20 + 2Dw — 2n2p,)°

r/S - (34:
G sKig \4nl? — s ), =y o= V5 (¥0 50D+ (yp YD)+ (2D 2D ~2121, )] :
+
\/(xD - wa)Z + (yD - wa)Z + (ZD —ZDw — anDe)z
1
ﬁA(V,S) _ q~L2V 2ApL . niw \/(XD - wa)z + (yD - waiz + (ZD + Zpw — 2nZDe)2 (35)

n—=—oo _|_

\/(xD —xwp)® + (¥ — Yup)® + (2D — 2D — 212D )"

Poisson’s summation formula simplifies Equation (34) to

Kifszpe =0 ZDe ZDe De

_ 2qul? [ 1 2ApL o A Zp ZuD
7,(r,8) = <47_[L3 += > {KO[rD\/E] —i-ZZ Ko [rp s+ (> - Cos nmT—= ~COSI’Z7‘[Zw (36)

Finally, the point source solution of a closed, radially infinite low-permeability reser-
voir in Laplace space can be obtained:

£AD= ) . 2y K el . faloi
(47-[L3 T ) !KO(VD\/g) + ,EO 0 (TD s+ (ZDe> ) cosnr_ = -cosnm -
2Gul? 1
Kirszpe 2ApL ”E’" \/(xD —xu0)? + (YD — Ywp)* + (2D + ZDw — 212D, )
et .
S n=—00
+

(37)

Mpo(r,s) =

\/(XD —xwp)* + (YD — Yun)* + (2D — 2Dw — 212D¢)°

On the right side of Equation (37), z is integrated on the interval 0 ~ z,, and then x
is integrated on the interval (X — If) ~ (Xw + If). The calculation formula of unsteady
pressure surface source function of vertically fractured well is as follows:

1 2GpL\ rxuptl
(g 2225 ) ! KoV v = @02+ (v = yap - VS|
1

7 = 2Hzel? Xpp+ 2 2 2
~ sKifzpe 2GplL Z”Df bf ”:Z“’ \/(XD —Xup)” + (YD — Ywp)” + (2D + ZDw — 2n2pe)
- 1

s2 n=—o0
xpp—Ipf "= +

(38)
do

\/(xD —x4p)? + (Y0 — Ywp)* + (2D — 2Dw — 212D¢)°
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3. Seepage Model of Staged-Fractured Horizontal Well in
Low-Permeability Reservoir

The low-permeability reservoir has a closed top and bottom and an infinite radial
boundary, and there is a staged-fractured horizontal well. Horizontal well contains N
fractures, all of which penetrate the formation completely. The fracture half-length is I, I,
...l (=1~ N), assuming that no other positions in the de-frac section of the horizontal
well are perforated. The diagram of staged-fractured horizontal wells is shown in Figure 3:

Horizontal
wellbore

Figure 3. Schematic diagram of staged-fractured horizontal wells.

Considering the mutual interference between cracks, the dimensionless pressure
degradation of any crack obtained from the superposition principle can be expressed as

N
NMpoi = j)::l 9p£i"Doij (39)
i=123,--,N

Assuming that the seepage resistance of the crack is ignored,

Mpoi = MwpD (40)

The sum of the output of each fracture is 1:

N
ZﬁDfi =1 (41)
i=1
The form of the matrix vector Equation of the combined lines (39)-(41) is obtained
as follows:
A —IT o
A+ = (42)
I 0 ||7.p 1/s
where
1po1a Ypoi2 - YDO1N
D021  HD022 °° MDO2,N
A= ) ) ) . (43)
DON,1 YDON2 **° YDON,N

Iz[l 1 ... 1}1xN (44)
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[p 1 ]
7 ADo11  ADo12  tt ADolN 0
Df2
Df ADo21  ADo22 *t* ADo2N 0
qg=|9pp3| A= . . _ . 0=, (45)
_ ADoN,1 ADoN2 '+ ADoNN U
L7DfN ]

Equation (42) contains N + 1 unknowns, whichis g (j=1,2,..., N ) and 77,,p. The
number of equations is also N + 1, which is equal to the number of unknowns. Firstly, the
solution of the unknown quantity in the Laplace space is obtained, and then the solution of
the real space is transformed into the solution 77, in the real space by Stehfest numerical
inversion method, and then the solution is dimensionalized into #:

Nw = ;7;]72;:]? (46)

The effect of stress sensitivity can be considered by Equation (18):

po = ~In(1 ;aiyw) 47)

4. Verification of Model Results and Division of Seepage Stages
4.1. Verification of Model Results

In order to verify the correctness of the model, the calculated results of the model
established in this paper are compared with those of the commercial numerical simulation
software CMG (version 2019.10). It is assumed that the low-permeability reservoir contains
a horizontal well with three fractures and artificial fractures penetrate the entire reservoir
vertically. The production mode of the well is fixed, and the temperature is constant during
the production process. Other basic reservoir data are shown in Table 1.

As can be seen from Figure 4, the calculated results of the model established in this
paper are in good agreement with those calculated by CMG numerical simulation software
(Absolute value error is 1.02%), which verifies the accuracy of the seepage flow model of the
staged-fractured horizontal well in low-permeability reservoir established in this paper. Further,
the CMG benchmark inherently validates the failure of traditional single-effect models.

Table 1. Basic parameter setting table of homogeneous reservoir.

Parameter Type Value Unit
reservoir length x width x thickness 1090 x 1090 x 10 m
X-direction permeability 2.0 mD
Y-direction permeability 0.02 mD
Z-direction permeability 0.1 mD
Porosity 0.2 %
Fracture half-length 1 50 m
Fracture half-length 2, 3 70 m
Fracture height 10 m
Fracture width 0.0027 m

Initial reservoir pressure 34.5 MPa
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Table 1. Cont.

Parameter Type Value Unit
Compressibility of rock 0.000435 MPa~!
Coefficient of wellbore storage 0.1 dimensionless
Skin factor 0.1 dimensionless
Starting pressure gradient 0.01 MPa/m
Permeability modulus 0.005 MPa~!
Well yield 30 m3/d
40
35 E e Textual model
T
£ 30 B CMG
2 E ~—
n = 25 . -
C o e,
= £ 20 e,
E = T,
C 515 B
: 2 ~-~
fadl 10
5
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I ]
0 2000 4000 G000 000 10,000
t.day

Figure 4. Model correctness verification.

4.2. Division of Seepage Stages of Staged-Fractured Horizontal Wells

In order to further study the flow law of staged-fractured horizontal wells, dimen-
sionless pressure and pressure drop derivatives of staged-fractured horizontal wells were
plotted in the double-logarithmic coordinate system, as shown in Figure 5.

100 ¢
[ —pD
10 E dpD

0.01

0001 AT W ETE] W EETT] Ll W ETE] Ll W ETE] W EET)
1.E-04 1.E-03 1.E-02 1.E-01 1E+00 1.E+01 1.E+02 1.E+03 1.E+04

t

Figure 5. Division of different seepage stages of staged-fractured horizontal wells.
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As can be seen from Figure 5, staged-fractured horizontal wells in low-permeability
reservoirs can be roughly divided into four seepage stages: Stage I is a linear flow stage, in
which reservoir fluids flow linearly into fractures and the pressure derivative is a straight
line with a slope of 0.5. Stage Il is the first radial flow stage, which occurs after the linear
flow stage. At this stage, there is no mutual interference between fractures, so the typical
curve of pressure test shows an approximate horizontal straight line segment with a slope
of 0. Stage III is a double radial flow stage. In this process, the homogeneous reservoir
is in a dynamic equilibrium state, the fractures have interfered with each other, and the
pressure begins to propagate to the reservoir boundary. The slope of the pressure derivative
test curve is close to 0.36. Stage IV is the stage of quasi-radial flow in the reservoir. The
formation fluid flows from the vicinity of the fracture in all directions to the fracture system,
and the pressure further spreads to a larger area of the reservoir. Therefore, the slope of
the corresponding pressure derivative curve is about 0. The establishment of the chart is
conducive to understanding the seepage law of low-permeability reservoir.

5. Analysis of Pressure Calculation Results of Staged-Fractured
Horizontal Wells

The previous verification has confirmed the basic reliability of the model. This section
will further explore the analysis of pressure calculation results for segmented-fractured
horizontal wells.

5.1. Starting Pressure Gradient Sensitivity Analysis

Other parameters are shown in Table 1. When starting pressure gradients are 0
MPa/m, 0.01 Mpa/m, and 0.1 Mpa/m, respectively, dimensionless bottom-hole pressure
and pressure drop derivative curves are shown in Figure 6.

1E+02 ¢
1E+01 | /
_LE+00 E
&
a
1E-01 |
Starting pressure gradient:0
1E02 k Starting pressure gradient:0.01
Starting pressure gradient:0.1
1.E-03 PP | PRPEPETTT BTN | aasal sl sl PPN | PR |
1E04 1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03 1E+04
tp

Figure 6. Sensitivity analysis of starting pressure gradient.

As can be seen from Figure 6, the starting pressure gradient mainly affects the later
stage of the dimensionless pressure drop test curve. The presence of starting pressure
gradient in low-permeability reservoir increases the flow resistance of fluid. The higher the
starting pressure gradient is, the greater the upwarped degree of well test curve will be.
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5.2. Sensitivity Analysis of Wellbore Storage Coefficient

Other parameters are shown in Table 1. When wellbore storage coefficients are 0.001,
0.01, and 0.1, respectively, dimensionless bottom-hole pressure drop and pressure drop
derivative curves are shown in Figure 7.

1E+02
1. E+01
1.E+00
£
T 1E01
=
1.E-02
Wellbore storage coefficient:0.001
. e Wellbore storage coefficient:0.01
1.E-03 Wellbore storage coefficient:0.1
IE_O_; Ll Al A sl Laaaaul i uul A aauul N ERTE ] RN
1E-04 1.E-03 1E-02 1.E-01 1E+00 1E+01 1E+02 1E+03 1E+M4

tp
Figure 7. Sensitivity analysis of wellbore reservoir coefficient.

As can be seen from Figure 7, wellbore storage coefficient has a great influence on the
early flow law of staged-fractured horizontal wells in low-permeability reservoir, but has
little influence on other seepage stages. With the increase of wellbore storage coefficient, the
early dimensionless pressure drop and pressure drop derivative curves decrease and shift
to the right. The reservoir coefficient of wellbore has little influence on the flow regularity
of fractured horizontal wells in the later period.

5.3. Sensitivity Analysis of Skin Coefficient

Other parameters are shown in Table 1. When skin coefficients are 0.001, 0.01, and 0.1,
respectively, dimensionless bottom-hole pressure drop and pressure drop derivative curves
are shown in Figure 8:

1L.E+02
1 E+01
1.E+00
£
= 1E-01
o
1.E-02
e Skiin factor:0.001
R ~— Skin factor:0.01
LE-03 ~—— Skin factor:0.1
1.E-04 PR T TR R T T R A T T T B S S TR TTT B S S W T TTT B S S R S S AT AT S ST
1E-04 1E-03 1E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1E+04

tp

Figure 8. Sensitivity analysis of skin factor.
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It can be seen from Figure 8 that the skin coefficient has a great influence on the radial
flow of fractured horizontal wells, but has little influence on other seepage stages. The
larger the skin factor is, the overall upward shift of the dimensionless well test curve
indicates that the oil well is more polluted.

5.4. Sensitivity Analysis of Crack Length

Other parameters are shown in Table 1. When fracture half-length is 20 m, 60 m, 100 m
in sequence, dimensionless bottom-hole pressure drop and pressure drop derivative curve
are shown in Figure 9:

1LE+01
1LE+00 £
£ 2
= 1E0 |
1' . Fracture half-length:100m
LE02 3 s Fracture half-length:60m
- =~ Fracture half-length:20m
1E-03
1E04 1E03 1E02 1E-01 1E+#0 1E+01 1E+02 1E+03 1E+M4

tp

Figure 9. Sensitivity analysis of crack length.

It can be seen from Figure 9 that the fracture half-length has a great influence on the
linear flow and the first radial flow, but has little influence on other seepage stages. When
the fracture half-length increases, the dimensionless pressure drop curve decreases. The
reason is that the longer the fracture length, the larger the outflow area of the well, the
smaller the pressure loss of the fluid flowing into the wellbore.

5.5. Permeability Modulus Sensitivity Analysis

Other parameters are shown in Table 1. When permeability modulus is 0.05 Mpa~!,
0.1 Mpa~—!, 0.12 Mpa~!, dimensionless bottom-hole pressure drop and pressure drop
derivative curves are shown in Figure 10.

As can be seen from Figure 10, the change of permeability modulus has almost no
effect on formation linear flow, but has a greater impact on the middle and late stages
of seepage. With the increase of permeability modulus, the dimensionless pressure drop
test curve gradually warps up, showing the characteristics of closed-boundary influence,
indicating that tight reservoirs require more energy consumption.

The results of the above sensitivity analysis are summarized in Table 2.
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Figure 10. Permeability modulus sensitivity analysis.

Table 2. Table of sensitivity analysis results.

Parameter Type

Impact Stage Direction of Influence Typical Feature Correlation

Starting Pressure Gradient

Advanced stage (Stage IV)

The end of the pressure
derivative curve is
upwardly curved.

Significantly increase pressure drop

Wellbore Storage Coefficient

Extremely early stage

The initial section of the pressure

Raise the initial pressure gradient . .
p & derivative curve is steep.

The distribution pattern of The platform section of the

Skin Coefficient Radial flow stage . pressure derivative curve
perturbation pressure .
is elevated.
Shorten the duration of the The pressure drop curve has
Crack Length Early stage (I-1D linear flow shifted downward as a whole.
. The slope of the double radial
Permeability Modulus Middle and advanced Accelerate pressure decay flow deviates from the

stages (III-IV) theoretical value of 0.36.

6. Conclusions

@

@)

®)

A novel dual-effect seepage model was established for staged-fractured horizontal
wells in low-permeability reservoirs through Laplace transforms, perturbation meth-
ods, and superposition principles, simultaneously incorporating starting pressure
gradient (A) and stress sensitivity («).

Four distinct flow stages were identified: Stage I—Linear flow (pressure derivative
slope = 0.5); Stage II—Initial radial flow (slope ~ 0); Stage III—Dual radial flow
(slope = 0.36); Stage IV—Quasi-radial flow (slope = 0).

Parameter dominance analysis: The starting pressure gradient has a great influence
on the flow law of staged-fractured horizontal wells in the late production stage, but
has little influence on other seepage stages. With the increase of starting pressure
gradient, the pressure drop curve gradually warps up, indicating that the seepage
resistance is increasing. The stress-sensitive effect has little influence on the seepage
law of staged-fractured horizontal wells in low-permeability reservoir in the initial
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stage of development, but has a greater influence on the development law in the later
stage of production.

(4) Theoretical and practical contributions: Provides a validated framework for well test
interpretation (CMG-verified error: 1.02%); enables accurate production evaluation
by resolving coupled nonlinear effects ignored in prior models.
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Abbreviations

K permeability, 1073 um?

€ point source radius

U oil viscosity, Pa-s

r reservoir radius, m

o fluid density, kg/m3

¢ porosity, decimal

v fluid velocity, m/s

CL compressibility of fluid, MPa~!
Ct overall compressibility, MPa~!

Subscript “m”  matrix system
Subscript “f”  fracture system

7 perturbation transform conversion parameter
ki initial permeability of natural fracture, 1073 um?
o permeability modulus, MPa~!
A G starting pressure gradient, MPa/m
Ap the difference from the initial formation pressure, MPa
pi the difference in initial formation pressure, MPa
q instantaneous output of point source, m3/s
Ipfj dimensionless production of crack j
Tpoi, the dimensionless pressure drop generated by crack j at crack i
TwD no dimensional pressure degradation at bottom hole
19p) the distance from any point in the formation to a point source
Ko zeroth-order Bessel functions of the second kind of imaginary argument
I fracture half-length, m
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